Abstract-As the demand for advanced microelectronic devices of small form factor and high power density has increased, the capability of the miniaturized mechanical solutions for effective cooling has become critical. Electrohydrodynamic (EHD) air blowers have great potential as alternative cooling solutions over the traditional mechanical systems to meet the thermal management requirements with flexible design and considerable flow production for effective heat removal. In this paper, a numerical analysis and optimization of wire-to-plane EHD air blowers are performed based on 2-D developed models validated against previous data. For a range of blower heights from 2 to 10 mm, the location and length of the collecting plane located at the blower walls apart from the emitter wire electrode are investigated and optimized based on pumping efficiency using the ranges of fixed operating powers and voltages. Simple relations for each optimization method are presented to determine the optimal blower configuration. Results of flow rate and static pressure obtained by each optimized blower show good agreement with those predicted by EHD scaling laws previously presented.
I. INTRODUCTION

E
FFICIENT cooling of microelectronic components has become a critical issue in the thermal management as the demand for small form factor and high power density consumer electronics is steadily increasing. This has resulted in the advanced developments of thermal solutions in order to make them compact and efficient in heat removal with low levels of acoustic noise and power consumption. For decades, mechanical systems such as axial fans and centrifugal blowers have been successfully used for cooling microelectronic applications and consumer devices due to their efficiency in heat dissipation, low manufacturing cost, and ease of installation [1] . However, although today's industries offer miniaturized structures of rotary fans with thicknesses in millimeters, further shrinkage in their size, which is practically limited by the fan blade height and motor design, leads to less reliability, more complex manufacturing challenges, a reduction in the flow generation, and an increase in acoustic level due to the associated high rotational speed [2] - [4] . Moreover, it has been demonstrated that the traditional fan laws are not effective at low Reynolds number flows to predict the flow characteristics of miniature axial [5] , [6] and centrifugal [7] , [8] fans, where the viscous effects become considerable. A recent analysis showed that the predicted performance of the miniaturized rotary centrifugal fans, which are usually used in thin electronic applications, under the scaling laws does not exactly agree with that of experiments in terms of flow rate, maximum pressure rise, and power consumption [9] . Due to these challenges, the need for effective miniature cooling solutions that meet the thermal management requirements for small form factor applications such as notebooks has become essential.
In their comprehensive review and comparison study, Wang et al. [1] recently concluded that electrohydrodynamic (EHD) air movers have great potential as a novel thermal management solution for microelectronics cooling based on performance compared to other alternative air pumping methods such as piezoelectric fans and synthetic jets. Moreover, they found that EHD air pumps offer important advantages over traditional rotary fans due to their silent operation, reduced power consumption, flexible structure, smaller volume requirements, and higher heat transfer performance on small form factor applications.
EHD flow is a process of interactions between electric fields and fluids, resulting in air motion (called ionic or corona wind) by a gas discharge across two electrodes without the need for moving parts. Basically, EHD flows occur when a high voltage is applied between a highly curved corona electrode (the emitter electrode) and a grounded surface (the collecting electrode), creating an electric field gradient in the air gap between them. When a sufficient electric field is created at the corona electrode, the surrounding air molecules are ionized. The resultant charged ions are then accelerated under the effect of electrostatic forces toward the collector electrode, transferring their momentum and energy to the surrounding neutral air particles via collisions and inducing air movement known as an ionic wind.
A number of studies have explored purely EHD-driven airflows for convective heat transfer (for example, [10] - [14] ) after the earliest work presented by Marco and Velkoff [15] in 1963, while the majority of the reported investigations have focused on using EHD as secondary air generators to mix airflows for boundary layer modification and heat transfer enhancements [16] - [19] . However, it is only recently that the application of purely EHD technology has received increasing 0093-3813 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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attention as an attractive alternative to rotary fans for localized cooling of microelectronic components [20] , [21] or in integration with heat sinks [22] - [24] . The first practical and successful integration of EHD air movers into a real-world electronic application has been performed by Jewell-Larsen et al. [25] in 2009. In their work, an EHD blower of a wire-to-plate configuration was installed instead of a mechanical fan in a retrofitted laptop, with grounded plates acting as the microelectronic chip heat sink. Results of an unoptimized EHD device revealed promising cooling performance with lower installation size and acoustic level, compared to the rotary fan.
One of the first studies to examine the possibility of employing electrostatic blowers for practical use was reported in the early 1960's by Robinson [26] , using a needle-toring electrode configuration to generate electric wind in a tube. Robinson [26] concluded that despite the low conversion efficiency (less than 1%) achieved in his geometric design, he explicitly mentioned that electrostatic blowers have attractive advantages over conventional mechanical fans, and recommended that more research on improving the conversion efficiency of EHD pumps is required.
Although the attempts to develop corona wind generation were made early, the most interesting investigations have been conducted over the last decade [27] - [29] . Based on the performance of airflow generation, few studies have been performed to optimize the design geometry of EHD blowers in the absence of external bulk flow, and without any integration between the collector electrode and heat exchange surface.
Kalman and Sher [30] were the first to experimentally investigate the optimization of an electrostatic blower and explore its potential as a cooling system for electronic components. The EHD device consisted of a positively charged wire electrode, 0.5 mm in diameter, stretched between two collecting inclined wings located over a heated horizontal plate. The design parameters, including the gap between collecting wings, the vertical electrode gap, and the wing inclination angle, were optimized based on the highest achieved airflow production and heat transfer rate. The results showed that the optimized EHD blower was able to increase the heat transfer by more than double compared to the free convection. This study was later extended by Rashkovan et al. [31] by reducing the emitter wire diameter to 0.2 mm in order to enhance the electric field strength, aiming to develop the EHD air blower and improve its performance. Based on the highest heat transfer coefficient achieved, the optimum configuration was obtained by using a corona wire located between two parallel collecting wings, where the wire is collinear with the adjacent ends of the collecting plate wings, creating an angle of 55.5°with their far ends. The new optimized design was able to increase the heat transfer coefficient by up to three times higher than did the free convection, resulting in a 50% increase in heat transfer over that obtained by the EHD blower presented in the previous study. However, no information regarding the conversion efficiency values or the EHD operating power was included in these studies.
Komeili et al. [32] experimentally demonstrated the application of a miniature EHD blower by investigating the flow characteristics of a wire-to-rod EHD pump operated in a circular duct using ranges of negative applied voltage (up to −20 kV), grounded rod diameter (1.5-3.1 mm), duct diameter (6.5-20 mm), and electrode gap to duct diameter ratio (0.63-1.16). Experiments showed that the EHD pump was capable of producing a maximum airflow rate of 40 l/min at −16 kV, using a pipe diameter of 20 mm with about 0.35-W input power. Another study was conducted later by Takeuchi and Yasuoka [33] using similar electrode configuration to investigate the EHD pump efficiency under negative corona discharge. Results showed that the EHD pump was more efficient by two times based on the flow rate generation compared with a conventional rotary fan of equivalent diameter under the same operating conditions. Moreau and Touchard [34] presented an experimental study to optimize the mechanical characteristics of the ionic wind induced by a needle emitter through a tube. In their investigation, they considered the effect of voltage polarity and collecting electrode geometry (grid and ring configurations) as well as electrode gap and tube diameter. Results of the optimal configuration showed considerable performance with a maximum wind velocity and a flow rate up to 8 m/s and 0.4 l/s, respectively, with a conversion efficiency of 1.72%, using approximately 12 kV.
Although design optimization represents a critical factor to determine the performance and efficiency of EHD devices for practical implementation, where the thermal management requirements are inherently considered, the optimization of miniature EHD air blowers based on the efficient levels of operating voltage and power has not been investigated. In this paper, a 2-D numerical model of a wire-to-plane EHD channel configuration is developed and validated carefully using COMSOL Multiphysics package against a range of experimental and numerical data. A numerical investigation and analysis are devoted to explore the influence of the main design parameters that affect the EHD flow characteristics, including the location and length of the collector electrode for a range of blower heights (up to 10 mm). The main purpose of this paper is to optimize the configuration of different miniature EHD air blowers based on pumping efficiency, key design factors, and practical implementation requirements.
II. NUMERICAL MODELING
A. EHD Governing Equations
The EHD flow induced by corona discharge is described by the following equations. The electric field intensity − → E and the electric potential V are defined by Poisson's equation as
where q is the space charge density (C/m 3 ) and ε 0 is permittivity of free space (= 8.854 × 10 −12 C/V·m). The charge transport equation that couples the electrostatic and NavierStokes equations for the airflow is derived by combining the following three equations.
1) The electric current density equation is
where μ p is the air ion mobility in the electric field (m 2 /V·s), − → U is the velocity vector of airflow, and D is the diffusivity coefficient of ions (m 2 /s). The three terms on the right side of (2) represent the charge conduction (the ion movement due to the electric field), charge convection (transport of charges by the airflow), and charge diffusion, respectively [35] .
2) The continuity equation for electric current is
3) The conservation of mass equation is
Combining (2) and (3) and using the continuity equation (4) gives the charge transport equation
Since the value of the air velocity ( − → U ), which represents the charge convection term in (5), is very small compared with the drift velocity of ions (μ p − → E ) in the charge conduction term, it can be neglected [36] . The Navier-Stokes equations and continuity equation (4) describe the fluid dynamic part of the model for steady-state incompressible airflow under the effect of the electrostatic force
where ρ is the air density (kg/m 3 ), p is the air pressure (Pa), μ is the air dynamic viscosity (Ns/m 2 ), and the term of q − → E represents the body or Coulomb force (N/m 3 ).
B. Space Charge Generation
The air gap across the corona and collecting electrodes can be divided into ionization and drifting regions. The space charge density in the ionization zone can be neglected as it contains a mix of electrons and positive ions at similar magnitudes, compared to the drift zone, which contains ions of a single polarity and neutral air molecules [35] . Using Peek's empirical formula [37] , the electric field strength E e created on a smooth surface of a positively charged wire electrode at standard air conditions can be estimated by
where R e is the corona wire radius (m), and E 0 is the breakdown electric strength of air (3.23 × 10 6 V/m).
III. VALIDATION OF THE NUMERICAL METHOD
A. Solution Domain and Boundary Conditions
The experimental data and numerical results of a wire-toplane EHD channel presented in [38] were used to validate the accuracy of the numerical simulation method performed in this paper. The EHD channel geometry consists of a fine wire electrode, 25 μm in diameter, stretched horizontally between and parallel to two dielectric plates, forming the channel walls. The channel width w (or the distance between the dielectric channel sidewalls) is 100 mm. Two conductive and grounded stripes of 0.1-mm thickness are positioned at the top and bottom of the channel walls and located downstream of the wire electrode at a distance equal to the channel height h. A cross section of the EHD channel geometry used in the validation simulation is shown in Fig. 1 . In order to save the solution computation time, a symmetry boundary condition is applied at the horizontal plane centered between the channel walls of the simulation domain. The coupled equations of the electric field (1), the charge transport (5) , and the airflow [(4) and (6) ] are solved in the half domain using the commercial package, COMSOL Multiphysics (V5.1), a partial differential equations (PDEs) solver based on the finite-element method, using the modeling parameters listed in Table I . The following main modules were used and coupled to represent the governing equations of the EHD flow in COMSOL Multiphysics.
1) The electrostatics module, which is used to solve Poisson's equation for the electric and potential fields (1). 2) A PDE is created to represent the charge transport equation (5).
3) The laminar flow module, which is used to solve the fluid dynamic equations (4) and (6) for a steady incompressible flow under the effect of volume force. The electrostatic mode is modeled by applying a positive potential to the emitter wire surface, while the collecting surface at the channel wall is grounded. For charge transport, a zero diffusive flux condition (Neumann condition) is imposed on all boundaries excluding the surface of the corona wire, where a space charge surface density under an iterated Dirichlet condition is applied. This is based on the fact that the diffusion term is very small compared to the conduction term in (5), so that its effect on charge density Distribution of mesh element density for a half computational domain of the EHD blower geometry with h = 6 mm using approximately 53 000 triangular elements. The semicircle around the corona wire was used to define mesh refinement. Dimensions in millimeters.
can be neglected [36] , [39] . For the flow equations, a standard hydrodynamic boundary condition of no-slip is applied to all solid surfaces of corona electrode and channel wall. An outletflow condition and zero pressure is applied at the channel outlet, while a normal flow (v = 0) with a horizontal velocity component u prescribed from Bernoulli's equation is used at the channel inlet [35] , [38] , [40] , [41] . More details can be found in [38] and [42] . The boundary conditions for the space charge density can be obtained by applying Kaptsov's assumption at the external surface of the ionization zone, which suggests that the electric field increases proportionally to the applied voltage below the corona onset level, but will preserve its value after the corona is initiated [43] . Under this assumption, the space charge resulting from corona discharge can be estimated by assuming that the electric field strength created at the surface of the corona wire due to the applied voltage is equal to that obtained from Peek's equation (7) . The solution procedure of the numerical simulation method is shown in Fig. 2 .
A mesh independence study was performed for the half domains of 2-and 6-mm channel thicknesses with increased mesh refinements in the vicinity of the corona electrode, where gradients in the charge density and electric field are the highest. The numerical modeling equations were solved on three levels of mesh density generated with (62 230, 98 464, and 151 800 triangular elements) for h = 2 mm, and (34 115, 53 500, and 81 075 elements), for channel height of 6 mm. Results showed that the maximum discrepancy in average air velocity was approximately 0.15% between the last two mesh densities of each domain height, and therefore, the second density levels were adopted. The same procedure of the mesh independence test was followed for the other domain heights considered in this paper (h = 4, 8, and 10 mm). Fig. 3 shows the mesh distribution and refinement on both electrodes for a half solution domain of h = 6 mm.
B. Numerical Validation Results
The results of numerical solution for the EHD flow induced through ducts of 2-and 6-mm thicknesses at 15 W/m are illustrated in Fig. 4 . The plots show the distributions of the electric potential with the electric field lines (top panel), the charge density with the body force across the electrodes (center panel), and the generated air velocity of ionic wind through the channel (bottom panel). Further validation results are shown in Fig. 5 , which compare the airflow rates and the static pressures of the present simulation against the experimental data and numerical results presented in [38] , for a range of input power. The electrostatic pressure created due to the body force, which acts on the collecting surface and equals the channel static pressure, can be calculated by integrating the body force within the volume across the electrodes [38] , [44] 
where q and E are the charge density and the electric field strength within the electrode gap, respectively. Fig. 5 shows good agreement between the numerical results though relatively acceptable differences can be seen compared to the experimental data. As explained in [38] , the noticeable deviation between the simulated and measured pressure values for the 2-mm channel thickness was due to emitter wire misalignment in the experiments. This benchmark demonstrates the accuracy of the present numerical approach performed using COMSOL Multiphysics.
IV. RESULTS AND DISCUSSION
A. Numerical Configuration Domain
The EHD channel geometry used for the present numerical study is shown in Fig. 6 . It is similar to that used in the validation model but with neglecting the collecting stripe thickness and increasing its length b to 10 mm, whereas the channel length is reduced by 20 mm. The same modeling parameters used in the validation model are adopted, including the corona wire diameter, which is recommended in compact EHD blowers to create a strong electric field using low levels of operating voltage [31] , [42] . The numerical analysis is established to explore the impact of several design parameters on the EHD air blower efficiency and optimize its geometry based on the ranges of fixed powers and applied positive voltages. These parameters include the collector location from the emitter electrode and the collecting surface length at the channel walls for a range of blower heights, as listed in Table II . In the present 2-D simulation, it is assumed that the EHD blowers are wide enough with negligible sidewall effects on the flow characteristics. 
B. Optimization of the Collector Location
In this section, the prediction of the optimal collector location relative to the emitter electrode, which is defined by the horizontal electrode gap G, and its influence on the EHD air blower performance are discussed. The electrode gap was changed from G = 0-7 mm (in 1-mm steps), whereas the blower height h was varied by five levels from 2 to 10 mm.
It is important to bear in mind that the wire-to-plane EHD channel of a rectangular cross-sectional area is the most preferred geometry proposed to be integrated as an EHD cooling system in thin electronic applications such as laptops, where the flexibility to control the blower thickness and width is required. In addition, the range of blower heights considered in this paper lies within the thickness of current miniaturized and highly demanded consumer devices, where the performance of rotary fan degrades as the device dimensions reduce. Therefore, when the miniature EHD blowers are applied for practical devices as cooling systems, both the operating power and the level of applied voltage represent critical factors in the thermal management considerations due to their impact on the produced airflow rate and the possibility of implementation. In small form factor electronic applications, a compact high-voltage multiplier (usually on the order of kilovolts) must be integrated as a part of the EHD system in order to initiate and sustain the corona discharge process, and generate EHD flow. The design of miniaturized, efficient, and low cost high-voltage multipliers represents one of the integration and practical challenges [25] . From a design perspective, reducing the value of operating voltage to the efficient level in compact applications is a needed feature, and a delicate balance for improving the flow generation must be made carefully. Therefore, the design optimization of the EHD blower geometry will be performed based on pumping performance by fixing the operating power and the applied voltage at the corona wire for a range of blower thickness in order to predict the optimal and the most effective locations of the collecting surface.
1) Case of Constant Input Power:
For a range of fixed input power from 5 to 25 W/m (calculated per wire length), Fig. 7 illustrates how the collector location of different blower heights affects the outlet mean velocity and the applied voltage that corresponds to each level of input power. It can be seen that, for each height, both the ionic wind velocity and the applied voltage required to preserve the input power at a fixed level increase as the consumed power and the gap G increase. Fig. 7 also shows how the blower height (or the vertical electrode gap) affects the magnitude of outlet velocity, as will be discussed later. In fact, the increase in the horizontal gap and the associated potential improves the distribution and the directions of the enhanced electric field lines along the grounded surface, adding relatively higher kinetic energy to the horizontal components of the Coulomb force, which have the main impact of moving the ionic wind toward the channel outlet. However, the trends show that the increase in the air velocity becomes slight after certain locations, regardless of the value of applied voltage, and can be neglected after G = 5 mm for all given levels of heights and input powers. Indeed, further increases in the electrode gap at a fixed operating power cause a decrease in the effective angle of the drifting region between the emitter and the collecting surface, leading to an increase in the applied voltage required and resulting in a modest enhancement in the ionic wind velocity. In order to reduce the level of the applied voltage and determine the most effective location of the collecting surface for each height, the percentage increase of both the average air velocity and the applied potential was calculated for shorter steps of G and two levels of input power (the lowest and highest levels considered in this paper), as shown in Fig. 8 . It can be observed that the percentage increase in the air velocity at the first step (G = 0.5 mm) over that generated at the location of G = 0, is higher than that of the required applied potential for all blower heights. However, the augmentation in the velocity tends to decrease with increasing G, compared to that of the potential, which (the latter) reaches its peak level at certain locations before it tends to drop. It was found that when the increase in the potential reaches its peak, the percentage increase in the air production accounts for approximately 50% of that in the applied voltage, and all increases in the voltage beyond these gaps are relatively inefficient in improving the air velocity. Table III summarizes the total percentage increase in both the produced air velocity and the required applied voltage calculated at the predicted optimal locations over that at the initial location (G = 0), for two fixed levels of operating power. It can be seen that the increase in the required voltage is associated with approximately an equivalent improvement in the air velocity. However, further increase in the electrode gap beyond the optimal locations does not lead to efficient balance in both terms. For example, although moving the collecting surface by 0.5 mm beyond the proposed optimal location in the blower of h = 2 mm improves the air velocity by approximately 6%-8%, a significant relative increase in the applied voltage by more than 20% is required. Moreover, for the thicker blowers, increasing G by 0.5 mm leads to modest increases in the velocity by only 3% or less, regardless of the increases in the associated applied voltages, which are still higher (typically three times higher) compared to the corresponding velocity increases. Therefore, the locations, which are indicated by arrows in Fig. 8 , can be considered as the optimal and the most effective gaps for the case of constant input power, and given by the following formula:
where G P is the optimal electrode gap (mm), for the case of constant input power, and h is the blower height (from 2 to 10 mm).
2) Case of Constant Applied Voltage:
In order to optimize the EHD blower geometry at a constant applied potential, an appropriate range of three operating voltages (increased by 1 kV) were applied for each blower height. Each range of applied voltage was chosen to be close to that required to fix the operating power (from 5 to 25 W/m) used in the previous optimization method. In this case, the optimal locations of the collector for each height can be estimated based on the EHD blower performance for a given range of operating voltage. Therefore, the electromechanical (or transduction) efficiency, which is the percentage of electrical power converted into mechanical (kinetic) power, is adopted [34] . The produced mechanical power P m (calculated per channel width) can be expressed as
where Q is the flow rate per width (m 2 /s), P is the dynamic pressure rise (Pa), ρ is the air density (kg/m 3 ), U av is average air velocity at the channel outlet (m/s), and h is the channel height (m). The electrical power P elec can be calculated from
where V e is the applied potential (V), and I c is the corona current calculated per channel width (or the wire length) (A/m). Thus, the electromechanical efficiency η of the EHD blower is given by Fig. 9 shows that the efficiency of each blower grows with increasing the horizontal gap G, reaching its maximum value at a certain location before it tends to drop or maintain its value at the low applied voltage, or show a slight increase at a higher potential as the blower becomes thicker. As mentioned in the previous section, moving the collector electrode toward the outlet direction can enhance the distribution of the electric field lines and improves the kinetic energy imparted to the flow by the horizontal components of the Coulomb force. However, further increase in the gap at a given applied potential decreases the impact of the electric field, especially for the thin channels, due to the reduction in the effective collector area. In addition, the trends reveal that the blower efficiency increases as the blower height increases for all applied voltages, reaching its highest values at the highest applied voltages. Indeed, as the duct becomes thicker and the applied voltage increases, the electric field lines across the electrodes can be strong enough with a wider effective drifting angle to reach a larger area of the collecting surface, compared to the thinner ducts, leading relatively to a better ionic wind generation. Therefore, the locations that show the highest EHD blower's efficiency for the range of applied voltage, which are identified in Fig. 9 by dashed lines, can be considered as the optimal gaps, although modest increases in the efficiency can be observed beyond them at the highest applied voltage. These locations can be simply given by the following formula:
where G V is the optimal electrode gap (mm) at a constant applied voltage, and h is the blower thickness (from 2 to 10 mm). It is useful to state that the difference in the optimal collector locations in both cases is mainly attributed to the optimization method used in each case. In the first method, the level of input power is fixed, whereas the ion current decreases and the applied voltage increases with the electrode gap. In contrast, the second method has fixed applied voltages, whereas the ion current and thereby the consumed power decrease with increasing the electrode gap.
Therefore, when the application in the practical implementation is mainly controlled by a limited range of operating power, regardless of the level of applied voltage, the selection of the first optimization method is recommended, whereas the second method offers the best predicted efficiency of the EHD device when its operating voltage is limited.
C. Optimization of the Collector Length
In the previous section, the optimal locations of the collecting surface were estimated with a fixed length of b = 10 mm. However, the effective collector length is not equal for all presented cases but depends on its location (the horizontal electrode gap), the blower height (the vertical electrode gap), and the level of applied potential (the electric field strength). Therefore, the effective collector length can be determined at its optimal location for each blower thickness, based on both cases of operating method. The highest values of the power and applied potential used in each optimization case were adopted in order to create the strongest electric field across the electrodes, and also to ensure the validity for lower operating levels. Fig. 10 shows the influence of the collector length on the ion current created at a fixed input power at 25 W/m (generated by a range of corresponding voltages from 4.3 to 8.5 kV), and a fixed applied voltage (in a range from 5.5 to 7.5 kV), for different blower heights. It can be observed that the effective collector length increases as the blower becomes thicker for both cases of operating method. For example, the collector length required for the blower of h = 2 mm at a fixed power is 3 mm, and there is no effect on the corona current beyond this length, whereas the blower of h = 10 mm requires a collector with at least 15-mm length before being independent of the created current. This behavior is due to the change in the effective drifting angle of charged ions across the electrodes, which expands as the blower height (or the vertical electrode gap) increases, as shown in Fig. 11 . The trends also reveal that the maximum effective length of the collector electrode for each blower differs depending on the method of applying voltage. Indeed, this change is due to the difference in the level of applied voltage and the optimal collector location defined by (9) and (13) .
The predicted results indicate that extending the collector electrode over certain lengths does not have any impact on the ion current and the generated ionic wind, within the overall range of operating voltage used in the present investigation.
The dashed lines in Fig. 10 indicate the maximum effective lengths required for each optimized blower based on each case of optimization method, and can be defined by the following expressions:
where b P and b V are the maximum effective lengths (each in mm) for the cases of constant power and applied voltage, respectively, and h is the blower thickness (2-10 mm). From a design perspective, reducing the collector to its effective length in the thin EHD blowers offers further miniaturization in size, which is a required merit in space constrained applications. In addition, using the whole effective length of the collecting surface in the thicker EHD pumps can enhance the heat removal from the channel walls when the heated surface is used as a collector in some cooled applications. Fig. 12 illustrates and summarizes the optimal electrode gaps G and the maximum effective lengths b of the collector electrode predicted using the two operating methods for the range of blower heights considered in this paper. It is useful to state that the predicted optimal design parameters from (9) and (13)- (15) are only valid for the wireto-plane EHD channel configuration using the corona wire diameter adopted in this paper within the ranges of blower heights and levels of operating conditions. However, using thicker corona wires of diameters larger than 25 μm will decrease the electric field strength created across the electrodes and the resultant airflow. In this case, these equations can be used as a reference to determine the maximum electrode gaps and collector lengths for the given range of blower heights. Moreover, using thicker emitter wires leads to lower efficiency and a significant increase in the voltage required to generate certain flow rates in miniature EHD blower [42] , which is practically undesirable from a design perspective. On the other hand, although using finer corona wire is possible but more complex in practical integration, the presented equations here can also be used as a useful baseline to predict the optimal design parameters using the same EHD geometry, which are expected to be higher in values due to the stronger electric field created.
Regarding the application of the investigated blowers based on the considered range of heights, the thicker optimized EHD blowers (h = 6-10 mm) can be used in small-scale and thin consumer devices such as laptops to cool heat sinks of equivalent thickness. Unlike conventional fans, the height of EHD blowers is independent of the length and width dimensions, offering an attractive flexibility to shorten the length and extend the width as required. For the thinner optimized blowers (h = 2-4 mm), a set of multiple wires can be integrated as emitter electrodes with a grounded platefin heat sink and positioned at the predicted optimal locations to generate effective cooling airflow through the fin channels, even at low velocities. In this case, the wire diameter, the level of operating voltage, and the power consumption are very critical and important factors to account in practical cooling solutions. Fig. 13 shows the operating input power and the blower thickness as a function of the average air velocity generated by different optimized EHD blowers. The trends reveal that the air velocity produced by each blower increases with increasing power and decreasing blower height. When the power increases at a given electrode gap, the impact of the electric field and the electrostatic forces becomes stronger to impart higher kinetic energy into the flow, leading to an enhanced ionic wind generation, as shown in Fig. 13(a) . However, at a given fixed power, the ionic wind production decreases as the blower becomes thicker, although both the required potential and the optimal location steps of the collector toward the outlet direction increase with the height [ Fig. 13(b) ]. Indeed, the increase in the blower height or the vertical distance between the electrodes leads to an increase in the vertical components of the Coulomb force, causing a reduction in the flow production toward the desirable direction. The blower of h = 2 mm shows different behavior at low input powers among other heights due to the short effective length of its collector.
D. Influence of the Blower Height
E. Scaling Laws for Optimized EHD Blowers
Airflow performance scaling laws for EHD blowers have been first investigated by Jewell-Larsen et al. [38] . Based on measured results and numerical modeling, they proved that EHD air movers can be considered as an ideal pressure source by neglecting the internal flow resistance of the EHD duct. Moreover, they presented scaling law relations as a function of the width, thickness, and operating power of the device to predict airflow rates and static pressures of EHD air blowers. Results showed that the scaling laws of the EHD-driven flow devices can be expressed as follows: 
Following these scaling laws of the ideal EHD flow device, Fig. 14 shows both the flow rate and static pressure as a function of the power density for a range of blower heights. The power density of each term can be calculated from (16) and (17), respectively, assuming that a constant transduction efficiency relates the mechanical (10) and electric (11) powers [38] , with including the blower width w in (10) . The predicted results of flow rate and static pressure of various optimized blowers show good agreement with those expected from the scaling laws as the data of all heights falls linearly into a straight line. This indicates that the proposed optimal collector location of each blower height of the present configuration is valid to provide an airflow performance that lies within the scaling laws of ideal EHD flow devices.
V. CONCLUSION
A numerical analysis and optimization of miniature EHD air blowers are performed based on an accurate numerical approach validated successfully against previous data. The investigation is devoted to explore the influence of the main design parameters that affect the EHD flow characteristics, including the location and length of the collecting electrode for different levels of the EHD blower height in a range from 2 to 10 mm. By fixing both the input power and the applied voltage, the horizontal electrode gap and the most effective collector length for each blower height are optimized and defined by simple expressions. Although the predicted optimized wire-to-plane EHD channel configurations are valid only for the corona wire diameter adopted in this paper, these optimal parameters can be used as a useful reference when thicker or finer corona wires are used for the given ranges of blower heights and operating conditions. Results of produced flow rates and static pressures obtained by the optimized blowers are found to agree well with those predicted by the previously reported EHD scaling laws of ideal EHD flow devices. Future work will include the effect of blower sidewalls on EHD flow characteristics using 3-D modeling, and the potential of employing the optimized EHD configurations in integration with thermal-exchange structure such as heat-sink channels.
